The presence in monkeys and great apes of retroviruses designated simian T-cell leukemia/lymphotropic viruses (STLVs), which are related to the human T-cell leukemia/ lymphotropic virus type I (HTLV-I) (13, 23, 43, 52) , has been demonstrated by seroepidemiological studies and by viral isolation and partial DNA sequencing of a few STLV type I (STLV-I) isolates (3-6, 9, 19, 20, 22, 24, 26-28, 32, 34, 36, 48, 49, 57-60) . Pathological manifestations, mirroring HTLV-Icaused adult T-cell leukemia/lymphoma, in STLV-I-infected gorillas, baboons, macaques, and African green monkeys have been described (24, 33, 34, 47, 57, 58) . However, no cases of progressive myelopathy, like tropical spastic paraparesis/ HTLV-I-associated myelopathy in humans (15, 40, 44) , in STLV-I-infected animals have been reported to date. Molecular epidemiology studies of HTLV-I suggest that the degree of HTLV-I variation over a period of centuries is very low (17) , and one form of HTLV-I (so-called cosmopolitan HTLV-I) was discovered to occur in many cities of the world, most likely disseminated through the slave trade (14, 17) . This interpretation is supported by the genetic homogeneity of HTLV-I in West Africa, the Americas, and Japan (7, 12, 17, 31, 41, 52) . However, the identification of genetically divergent HTLV-1 variants in remote populations of Melanesia and Australia (2, 16, 18, 53, 61, 62) has raised new questions about the origin and epidemiological natural history of HTLV-I.
In the present study we have revisited the evolutionary relationship among HTLV-I variants by phylogenetic analysis of a 522-bp segment of the env gene in 17 strains from throughout the world. In addition, we used the homologous STLV-I sequence to examine the divergence among 25 STLV-I strains from 12 simian species that carry STLV-I infection. In both human and simian analyses, recognizable phylogenetic clusters (or clades) were defined and confirmed by three analytical approaches (phenetic or distance-based trees, maximum parsimony, and maximum likelihood). When sequences from both STLV-I and HTLV-I sequences were combined, the human and simian clades were resolved but were phylogenetically interspersed and not separated as were human versus simian sequence groupings. Furthermore, there were several examples in which distinct clades from one species were more closely related to sequence clades from another species than they were to each other. The simplest interpretation of these patterns would involve the periodic occurrence of interspecies transmission of STLV-I and HTLV-I viruses between different primate species. Several examples of emerging pathological viruses between species have been described in the epidemio-(see below) from previously described HTLV-I strains (17) . A logic literature (35, 42, 54 " Number given below with species or strain codes refers to the same species or strain when given over the field of data.
b Upper matrix is genetic distances estimated by using the two-parameter model of Kimura (30) , and given in Kimura distance values.
' Lower matrix is the percent sequence mismatch between aligned sequences, with a gap scored as a single residue regardless of nucleotide length (39).
(PBMC) from an African green monkey and a crab-eating macaque, respectively. Sample 114.1 is a previously described STLV-I isolate from a Sierra Leone chimpanzee (28 (19) , and isolate PTM3 is from an Asian monkey (pig tail macaque) and was previously described (60) .
DNA, PCR amplification, molecular cloning, and DNA sequencing. The PCR amplification of genomic DNA from antibody-positive animals was accomplished with the primer (38) . Pairwise genetic distances between sequences were estimated by using the two-parameter model of Kimura (30) mates and neighbor-joining trees were performed by using the PHYLIP-3.35 (phylogenetic inference package) computer program (10) .
Sequences were transformed into character states for analysis by the maximum-parsimony method available in the PAUP (phylogenetic analysis using parsimony), version 3.1 (55, 56) . Both neighbor-joining and PAUP were evaluated statistically for each tree, using 100 bootstrap iterations. This procedure provides an index of confidence for each topological node, as the fraction of bootstrap runs supporting the node. The maximum-likelihood analysis of representatives of each of the HTLV-I and STLV-I phylogenetic clusters was performed by using actual base pair frequencies of the data in conjunction with the DNAML program available in PHYLIP (10, 11) . Evolutionary trees for each method were rooted with HTLVIlMo (29) Blanks indicate sequence identity with HTLV-15. Shared amino acids in the boxes are between the Zairian HTLV-I and the African STLV-I at positions 330 and 344 and among the Melanesian HTLV-I, the Asian STLV-I, and HTLV-II at position 328 underline the major conserved amino acid. A stretch of complete amino acid identity among all the isolates studied is indicated at positions 437 through 448. VIE1 and the underlined sequence epitope identified correspond to a specific linear epitope identified at the carboxy terminus of the gp2l (25) .
joining method with bootstrap resampling methods (Fig. 1A) .
The nucleotide sequence data were also treated as character states and analyzed for production of minimum-length trees under the principle of m-aximum parsimony, using the PAUP program (Fig. 1B) . Finally, the aligned HTLV-I sequences were analyzed for the phylogenetic relationship on the basis of the principle of maximum likelihood (Fig. 1C) . We used three different phylogenetic methods to increase the reliability of the derived topologies, since tree-building algorithms rely on different assumptions (11, 21, 46, 56) .
The neighbor-joining trees of HTLV-I sequences (Fig. lA) resolved the strains into three distinct phylogenetic clusters.
The first to diverge from a common ancestor were the two isolates from Melanesia (HTLV-I-Melanesia). These sequences were distantly related (7.3 to 9.1% divergence) from all other HTLV-I sequences. The second cluster was a group of four sequences from Zaire (HTLV-I-Zaire), and the third cluster was a group of 11 sequences which were geographically heterogeneous but closely related (HTLV-I-cosmopolitan). The three clusters were supported by the bootstrap iterations at levels of 75, 94, and 77%, respectively (Fig. 1A) .
The existence of the three HTLV-I clusters was strongly corroborated by maximum parsimony (Fig. 1B, bootstrap = 60 , 97, and 79%, respectively) and by maximum-likelihood analysis (Fig. 1C) . Evolutionary trees constructed by each analytical method indicated that the HTLV-I-Melanesia clade was the earliest divergence preceding the split between the HTLV-IZaire and HTLV-I-cosmopolitan groups. Statistically significant resolution of branching order within the HTLV-I-cosmopolitan clade was not possible because of the low level of genetic diversity among sequences within each group.
Phylogenetic analysis of STLV sequences. Twenty-five STLV-I sequences from 12 nonhuman primate species (Table  2) were aligned separately, and their pairwise genetic divergence was estimated ( Table 3) . Each of the phylogenetic analyses revealed seven groups (or clades) within the STLV-I sequences examined. The clades were identified on the basis of consistent topological association in each of the three phylogenetic analyses (Fig. 2) plus the combining of clustered sequences from species of a single primate genus (e.g., clade S7 includes sequences from three Papio species) and separation of sequences from different simian genera (e.g., clade S2 and S3 from Pan and Cercopithecus species, respectively). The single exception is the grouping in Si of five ancestral Asian monkey species STLV-I sequences (see below). A phenetic (neighborjoining) analysis ( Fig. 2A) Table 2 and in Fig. 2 .
The minimum-length tree for STLV-I nucleotide sequences produced with maximum parsimony (Fig. 2B) reaffirmed the existence of each of these seven clades. The only disagreement with the phenetic result involves the relative position of clade S4 (consisting of a single baboon sequence, PPA-5x28) which occurred as more primitive in both maximum-parsimony and maximum-likelihood trees (Fig. 2C) Combined phylogenetic analysis of HTLV-I and STLV-I sequences. A phenetic analysis of all HTLV-I and STLV-I sequences, using the Kimura distance matrix (Table 3) , is presented in Fig. 3 . The three HTLV-I and seven STLV-I clades were resolved by the topology, but the relative position of HTLV-I was polyphyletic with respect to the simian clades; that is, the HTLV-I clusters were mixed and interspersed within the STLV-I topology. Furthermore, the HTLV-I-cosmopolitan clade was most closely aligned (bootstrap, 34%) with the baboon clade S4 (PPA-5x28). The HTLV-I-Zaire group was aligned with the chimpanzee isolates of clade S5 (bootstrap, 58%), and the HTLV-I-Melanesia isolates were deeply nested within the nearly contemporaneous divergence of isolates from the three Asian groups with clade S1. These results affirm the evolution of three clades in the human species and suggest that at least three independent humansimian exchanges leading to the three human clades have occurred during the evolution of this virus.
A jackknife analysis of the neighbor-joining tree was performed to determine the stability of the placement of HTLV-I groups among those for STLV-I. Overall, topology did not change: HTLV-I-Zaire clearly clustered with clade S5, HTLV-I-Melanesia remained with the early Asian STLV-I divergence (S1 clade), and the STLV-I-west Africa sequence (clade S3) continued to precede the divergence of the HTLV-I-cosmopolitan sequences.
In order to analyze the combined data set with maximum parsimony and maximum likelihood, representative sequences were selected from each STLV-I and HTLV-I group. A subset of data was necessary because of limitations within the programs to distinguish among a large data set of closely related sequences. Results did not change with neighbor-joining with the 18 subset sequences, except for the movement of CAE-59 (C. aethiops) to the cluster of HTLV-I-Zaire and PTR-114.1 (Fig. 4A) . With maximum parsimony, a single most parsimonious tree had the same topology as with neighbor joining. However, the results of a heuristic search with a bootstrap collapsed the internal nodes into a polytomy (Fig. 4B) . Maximum-likelihood analysis revealed a consistent resolution and association of HTLV-I and STLV-I clades (Fig. 4C) .
Amino acid sequence analysis of the Env proteins of HTLV-I and STLV-I. Nucleotide sequences of HTLV-I and STLV-I isolates were translated by computer and aligned (Fig. 5) to examine the pattern of amino acid sequence variation in the population. The results emphasize the extreme conservation of amino acids among these viral strains, as had been previously reported among HTLV-I-cosmopolitan isolates (17, 51) . There is one region (amino acids 436 to 447) where there is 100% amino acid identity among all isolates. With a few exceptions (amino acids 328, 329, and 344 of the gp21 gene), the variation is spotty and dispersed throughout the sequence and the isolates. The nonrandom positions reinforce the divergence of and are diagnostic for HTLV-I-cosmopolitan, Asian STLV-I plus HTLV-I, and African STLV-I. For example, at position 328, all Asian sequences have a threonine compared with a glycine in all other isolates. Similarly, the three groups have distinct shared, derived residues (cladistic synapomorphies) at position 329.
DISCUSSION
The phylogenetic analysis of env nucleotide sequence divergence between HTLV-I and STLV-I strains in nature provided a robust method for interpreting the natural history of these viruses. In general, several important conclusions can be derived from analyses presented in Fig. I to 4 . First, the sequence comparison led to the recognition of three HTLV-I and seven STLV-I phylogenetic clusters. The association of these 10 groups was apparent with several phylogenetic approaches and also provided a relative chronology of divergence, with Asian species (human and simian) being the oldest and the cosmopolitan HTLV-I among the more recent viral radiations. Second, neither HTLV-I nor STLV-I sequence divergence conformed to host species monophyly; rather, different clades within the same species had as closest relatives clades from more divergent species. For example, an HTLV-I clade from Zaire (four strains) was most closely related to an STLV-I clade (S5) consisting of three strains from chimpanzees. Human strains had two additional distantly related HTLV-I clades, and chimpanzees have at least one divergent STLV-1 clade. These associations are interpreted as evidence for separate evolutionary divergence of the ancestral viruses for the clades (likely in different species, but possibly in the same species in different geographic locales), followed by transmission to modern species that now retain multiple phylogenetic clades. Third, the deeply rooted divergence of Asian isolates (human and simian) reflecting the greatest pairwise sequence divergence suggests an origin of these viruses in Asia and then migration to African primates and later spread of the cosmopolitan HTLV-I throughout the world. Fourth, there are several associations that suggest rare, but significant, transmission of viral ancestors between primate genera (Homo-Pan, Papio-Homo, Papio-Cercopithecus, and Homo-Macaca). We cannot exclude that some of these may be very recent in primate facilities. Finally, there seems to be more frequent transmission between species within certain genera (e.g., Cercopithecus spp. and Papio species). This should not be overly surprising, since many of these species divergences are rather recent, <200,000 years ago, which is of the order of divergence of human racial groups. As these groups may freely interbreed, virus transmission in sympatric locales (e.g., Africa) would be common.
The simplest scenario for the natural history of these viruses that is consistent with phylogenetic, epidemiologic, and geographic data would be some variation on the following. (1, 37) .
